The peculiar disjunction between Macaronesia and Australasia of the morphologically isolated pleurocarpous moss genus Echinodium is one of the most prominent questions in bryology. Echinodium as traditionally circumscribed comprises six extant species, four restricted to the Macaronesian archipelagos and two confined to the Australasian/ Pacific regions. Molecular phylogenetic analyses based on plastid trnL UAA intron and nuclear ribosomal ITS sequences indicate that Echinodium is polyphyletic and split into three groups. Three of the four Macaronesian species (E. spinosum and the single island endemics E. renauldii and E. setigerum) are closely related to each other and treated as Echinodium s.str. (Echinodiaceae). Further clarification of the relationships of Echinodium s.str. with Orthostichella, a segregate of Lembophyllaceae, is needed. The remaining Macaronesian species, E. prolixum, is transferred to Isothecium (Lembophyllaceae); this systematic position is also strongly supported by leaf characters. The two Australasian species, E. hispidum and E. umbrosum, are molecularly unrelated to the Macaronesian species and are transferred to Thamnobryum in the Neckeraceae. While the molecular data suggest that the peculiar distribution pattern of 'Echinodium' is an artefact, the striking morphological similarity observed in Macaronesian and Australasian species cannot be dismissed. Possible explanations are: (i) parallel morphological evolution of the 'Echinodium habit' in Macaronesia and Australasia, or (ii) retention of a set of plesiomorphic characters in non-related groups in relict habitats, the Macaronesian laurel forest and the austral temperate rain forests, respectively. Of these hypotheses, the evolutionary parallelism hypothesis seems more plausible for several reasons, which are discussed.
Introduction
The Echinodiaceae are a small family of pleurocarpous mosses, comprising only one genus, Echinodium Jur., with six extant species (Churchill 1986 ). Echinodium shows one of the most peculiar disjunct distribution patterns (Fig. 1) , which puzzled bryologists for more than a century. Four species are restricted to the Macaronesian archipelagos, E. prolixum (Mitt.) Broth. to the Azores and Madeira, E. spinosum (Mitt.) Jur. to Madeira and Canary Is., E. renauldii (Card.) Broth. endemic to the Azores, and E. setigerum (Mitt.) Jur. endemic to Madeira. The remaining two species are confined to the Australasian region, E. hispidum (Hook. f. & Wils.) Reichardt in Eastern Australia, New Zealand and New Caledonia, and E. umbrosum (Mitt.) A. Jaeger in New Zealand, reaching northwards to Fiji (Churchill 1986) . A separate, nowadays extinct species, E. savicziae A. Abr. & I. Abr., was described based on fossils from the Pliocene of Georgia (Abramov and Abramov 1958 ) and the Miocene of Poland (LancuckaSrodoniowa 1996) . These and further fossil finds from the Eocene in Baltic and Saxon amber (Frahm 2004) as well as from the Pleistocene of Tasmania (Jordan and Dalton 1995) indicate an evolutionary old age and a wider distribution of the genus Echinodium in the Tertiary (Fig. 1 ). This is supported by the predominant occurrence of the extant Echinodium species in relict forest types, the laurel forest (Laurisilva) in Macaronesia, a presumed remnant of the Tertiary flora (e.g., Capelo et al. 2005) , and southern temperate rain forests to semi-tropical forests in Australasia. Because of their limited distribution areas all four Macaronesian species are either considered rare or threatened in European or worldwide red lists (ECCB 1995; IUCN 2002) , with E. renauldii and E. setigerum classified as ''Vulnerable'' by IUCN (2002) .
The Echinodium species have been well characterised morphologically and ecologically (e.g., Churchill 1986; Hedena¨s 1992; Gabriel 1994; Dierßen 2001; Fontinha et al. 2001 Fontinha et al. , 2006 (Pliocene 5, 8 Ma) E. hispidum (Pleistocene <1,8 Ma) Fig. 1 . Extant disjunct distribution of the moss genus Echinodium (bold lines), with names of the species occurring on the Macaronesian islands and in the Australasian/Pacific regions, respectively, as well as locations and ages (in million years before present) of fossil finds assigned to Echinodium.
margins, percurrent to excurrent costae, and short leaf cells. Despite this characteristic 'Echinodium habit ', Churchill (1986) pointed out that the subulate, plicate leaves and bistratose margins are the only morphological synapomorphies, and hypothesised that the species could belong to different genera. Furthermore, the systematic position of Echinodiaceae within the pleurocarpous mosses remains ambiguous. Echinodiaceae have been placed near various pleurocarpous families in the former Isobryales (e.g., Fleischer 1909 Fleischer -1923 Brotherus 1925; Walther 1983) or Hypnobryales (especially the Thuidiaceae; e.g., Robinson 1971; Vitt 1984; Buck and Vitt 1986) . Interestingly, none of these authors questioned the monophyly of the family Echinodiaceae or its taxonomic rank. First doubts on the systematic position and rank were put forward by Hedena¨s (1992) in his flora of Madeiran pleurocarpous mosses, where he included the Macaronesian Echinodium species in Lembophyllaceae. Echinodium hispidum was resolved as sister to Limbella tricostata (Sull.) Mu¨ll. Hal. ex E.B. Bertram (Neckeraceae) in the cladistic analyses of morphological characters by Hedena¨s (1995) , but relationships of these two species to other isobryalean taxa remained ambiguous.
Based on molecular phylogenetic analyses, the two main pleurocarpous orders (Isobryales/Neckerales/Leucodontales and Hypnobryales/Hypnales) were merged into one, Hypnales . Resolving familial relationships among pleurocarpous mosses with confidence, however, remains a challenging task (see, e.g., Goffinet and Buck 2004) . Echinodiaceae have not been challenged on molecular grounds, as only one species (E. umbrosum) has been included in previous molecular studies of pleurocarpous mosses De Luna et al. 2000) . These studies were based on different combinations of plastid DNA regions, rps4 and trnL-F or rps4, trnL-F and rbcL (De Luna et al. 2000) , respectively, and indicated a closer relationship of Echinodium umbrosum to either Thamnobryum or Lembophyllum (De Luna et al. 2000) . However, Thamnobryum was missing in the analyses of De Luna et al. (2000) , and the trees in both studies lacked significant support for most clades.
The present study aims at providing the first comprehensive molecular investigation of the enigmatic genus Echinodium. Based on sequences of the plastid trnL UAA intron and the more variable internal transcribed spacers (ITS) 1 and 2 of the nuclear ribosomal DNA (nrDNA), we aim (i) to test the monophyly of Echinodium and to evaluate the significance of the morphological characters used to define the genus, (ii) to clarify systematic and evolutionary relationships of the Echinodium species, and (iii) to develop hypotheses that could explain the peculiar extant distribution pattern.
Material and methods

Plant material
Material of the Macaronesian Echinodium species was collected during field trips to the Azores and Madeira by the authors and by T. Pfeiffer (Greifswald). Material of E. hispidum was collected by J.-P. Frahm (Bonn) in New Zealand in the course of the BRYO AUSTRAL project. In addition, herbarium material of Echinodium from B, LISU, MADJ, and the private herbarium of A. Scha¨fer-Verwimp (Herdwangen-Scho¨nach) was used. Voucher information and GenBank accession numbers for the Echinodium samples and further newly sequenced samples are listed in Table 1 . Sequences from other pleurocarpous species were either taken from our previous studies or from GenBank (detailed information is available upon request), resulting in a data matrix comprising 62 specimens.
DNA extraction, PCR and sequencing
All plant material was thoroughly cleaned with distilled water and partly by ultrasonic treatment. Extraction of DNA, PCR amplification and manual or automated sequencing of the plastid trnL UAA intron and the nuclear ribosomal ITS1-5.8S-ITS2 region was performed as described in Quandt et al. (2007) and Sim-Sim et al. (2005) .
Alignment, sequence analysis and phylogenetic reconstructions
Based on the criteria laid out in Kelchner (2000) and Quandt and Stech (2005) , the DNA sequences were manually aligned using PhyDE s v0.983 (Mu¨ller et al. 2006) . Phylogenetic reconstructions using maximum parsimony (MP) or maximum likelihood (ML) principles were performed with PAUP 4.0b10 (Swofford 2002) . Three species of the Hookeriales were used as outgroup representatives, according to the sister group relationship of Hookeriales and Hypnales inferred in recent molecular analyses (e.g., Buck et al. 2000) . Heuristic searches under parsimony were implemented using random sequence addition with 10 replicates and employing the default settings otherwise. In addition, the data set was analyzed using a simple indel coding (SIC) strategy (Simmons and Ochoterena 2000) as implemented in SeqState (Mu¨ller 2004a) . SeqState generates a ready-to-use nexus file containing the sequence alignment with an automatically generated indel matrix appended. This file can be either executed directly in PAUP or submitted to PRAP (Mu¨ller 2004b) for ratchet and decay analyses. Heuristic bootstrap searches under parsimony were performed with 1000 replicates, 10 random addition cycles per bootstrap replicate and the same options in effect. Decay values as further measurement of support for the individual clades were obtained using PRAP in combination with PAUP, employing the following ratchet settings: 10 random addition cycles of 200 iterations each with 25% upweighting of the characters in the iterations.
Maximum likelihood analyses were executed assuming a general time reversible model (GTR+G+I), and a rate variation among sites following a gamma distribution (four categories represented by mean). GTR+G+I was chosen as the model that best fits the data by Modeltest v3.6 (Posada and Crandall 1998) employing the Windows s interface MTgui (Nuin 2005) . The settings proposed by Modeltest v3.6 were executed in PAUP 4.0b10. For the combined data set the following settings were used: BaseFreq ¼ (0.2053 0.2743 0.2806), Nst ¼ 6, Rmatrix ¼ (1.0000 3.3710 0.8191 0.8191 4.4120), Shape ¼ 0.6679, and Pinvar ¼ 0.3827. Likelihood bootstrap searches were performed with 500 replicates using the 'fast bootstrap' option (bootstrapping without branch-swapping).
For further measurement of clade support posterior probabilities were calculated using MrBayes V3.1 . As in the ML analysis, the GTR model of nucleotide substitution was employed, assuming site-specific rate categories following a gamma distribution. The a priori probabilities supplied were those specified in the default settings of the program. Posterior probability (PP) distributions of trees were created using the Metropolis-coupled Markov chain Monte Carlo (MCMCMC) method and following the search strategies suggested by Huelsenbeck et al. ( , 2002 . To allow for possible deviating substitution models for the different regions, the data set was divided into four partitions. Four runs with four chains (10 6 generations each) were run simultaneously, with the temperature of the single heated chain set to 0.2. Chains were sampled every 10 generations and the respective trees written to a tree file. Calculations of the consensus tree and of the posterior probability of clades were performed based upon the trees sampled after the chains converged (we used 25% as default). Consensus topologies and support values from the different methodological approaches were compiled and drawn using TreeGraph 1.0 (Mu¨ller and Mu¨ller 2004) .
Results
Sequence characterisation and alignment
Features characteristic for the pleurocarpous Hypnales, such as low sequence variation and a short middle part of the intron (stem-loop region P8 in the respective secondary structure; cf. Quandt and Stech 2005) were also observed in all Echinodium species. The length of the trnL intron in Echinodium was either 265 nucleotides (nt) (E. hispidum, E. prolixum, E. umbrosum), the typical length among pleurocarpous mosses, or 254 nt (E. renauldii, E. setigerum, E. spinosum), i.e., the latter species were characterised by an 11 nt deletion located in P8. The trnL intron alignment of the 62 compiled sequences of pleurocarpous mosses comprised 357 positions. In bryophytes, the nuclear ribosomal spacers (ITS1 and ITS2) are generally more variable than the trnL intron, with a higher degree of length variation (e.g., Stech et al. 2003; Vanderpoorten et al. 2006) . In Echinodium, sequence lengths of the ITS1-5.8S-ITS2 region ranged from 674 nt (E. renauldii, E. setigerum, E. spinosum) to 690 nt (E. prolixum) and 701 nt (E. hispidum, E. umbrosum), respectively. The ITS sequence alignment of all included pleurocarpous mosses comprised 1317 positions.
ARTICLE IN PRESS
Of the 1674 positions in the combined trnL/ITS alignment, 445 (26.6%) were variable, and 277 (16.5%, or 62.2% of the variable positions) were parsimonyinformative. The simple indel coding approach yielded another 269 parsimony-informative characters, resulting in a total of 546 parsimony-informative characters.
Phylogenetic analysis
The MP analysis employing the parsimony ratchet retained 6 trees (length 1091, CI 0.529, RI 0.708, RC 0.374). After inclusion of the indel matrix, four trees were retained (length 1863, CI 0.575, RI 0.732, RC 0.421), of which the strict consensus is shown in Fig. 2 , with bootstrap support values (BS) and decay indices (DI) indicated on the branches. Values above the branches are based upon the sequence matrix only, whereas the values below were obtained when the indel matrix was included in the analyses. In the ML analysis, three optimal trees were found (ln L ¼ À8073.31622), which were identical except for slight variation within the poorly resolved branch of Echinodium renauldii, E. setigerum, and E. spinosum. One of these trees is shown in Fig. 3 , with ML bootstrap values indicated above the branches and significant (Z94) posterior probabilities (PP) below. For most branches no or only slight differences in PP values were observed when the indel matrix was included in the analysis. However, three branches were only significantly supported without indel coding, whereas eight branches received significant PP values only with indel coding.
In all analyses the Echinodium species are divided into three separate clades. The Macaronesian species E. renauldii, E. setigerum, and E. spinosum are closely related to each other (99-100% BS, DI 13-16, PP 100) (Figs. 2 and 3) , but relationships to other genera and families are ambiguous. A sistergroup relationship with Orthostichella is indicated in the parsimony analysis with the indel matrix included, but weakly supported (58% BS; Fig. 2) . The remaining Macaronesian species, E. prolixum, is nested within Isothecium in the wellsupported Lembophyllaceae clade. In particular, a clade comprising E. prolixum and I. myosuroides Brid. receives maximal BS and PP support. The closely related samples of E. hispidum and E. umbrosum (95-98% BS, DI 4-6, PP 100) are nested within Thamnobryum in the Neckeraceae. Their sistergroup relationship with T. pandum 
Discussion
The molecular data provide clear evidence for polyphyly of Echinodium and thus support the suspicion of Churchill (1986) that some Echinodium species might belong to other genera. Three molecular groups are significantly supported: the first comprises three of the four Macaronesian species (E. renauldii, E. setigerum, and E. spinosum), the second the remaining Macaronesian species E. prolixum (together with Isothecium myosuroides), and the third the Australasian species E. hispidum and E. umbrosum. Similar results were obtained by a preliminary analysis of a smaller data set using rbcL sequences (data not shown).
The species of the first group are closely related, not only at the molecular level, but also morphologically (cf. Table 2 ). In particular E. spinosum and E. setigerum are sometimes difficult to distinguish at first sight (Fontinha et al. 2001) . Furthermore, all three species are largely confined to shady and humid narrow valleys of the laurel forest; E. renauldii was also collected at lower altitudes at cave entrances (Gonza´lez-Mancebo et al. 1991) . Concerning the substrates, E. spinosum occasionally occurs on soil or as an epiphyte, whereas E. renauldii and E. setigerum are strictly epilithic except ARTICLE IN PRESS Fig. 2 . Strict consensus of four most parsimonious trees showing relationships of the genus Echinodium (in grey shading) within the pleurocarpous moss order Hypnales. Combined analysis of plastid trnL intron and nuclear ribosomal ITS sequences evaluated with PAUP 4.0b10, employing the parsimony ratchet and simple indel coding according to Simmons and Ochoterena (2000) . Bootstrap support values and decay indices indicated on branches. Values above branches based upon sequence matrix only; values below branches obtained when indel matrix was included. for one collection of the former species on a stem base. On Madeira island, E. spinosum and especially E. setigerum are linked to the Clethro arboreae-Ocoteetum foetentis vascular plant community (Capelo et al. 2000) , the latter being restricted to few valleys of wellconserved laurel forest. Possibly, E. renauldii and E. setigerum evolved from E. spinosum under specific environmental conditions in epilithic microhabitats in the laurel forests of Madeira and the Azores, respectively. As Echinodium spinosum is the type species of the genus, and because no close relationships with other included pleurocarpous genera and families were observed in the molecular trees (Figs. 2 and 3) , the three species represent what remains of Echinodium (Echinodiaceae). Their unsupported sistergroup relationship with Orthostichella in the parsimony analysis (Fig. 2) needs further investigation of a larger set of pleurocarpous taxa. Orthostichella is a segregate of Lembophyllaceae that was placed in Neckeraceae in a recent morphological revision (Allen and Magill 2007) , but probably constitutes a separate family according to the molecular data.
ARTICLE IN PRESS
Echinodium prolixum is distinguished from the other Macaronesian (and Australasian) species not only at the molecular level, but also morphologically by the leaf shape, the costa ending noticeably before the leaf apex (cf. Table 2), and by its wider ecological amplitude. In Madeira and the Azores, it is the most abundant species of the genus and occurs on several substrates, such as rock, soil, and bark (see, for example, Gabriel and Bates 2005) . In Madeira, E. prolixum can be found in the laurel forest, in heathlands at higher elevations (Vaccinio padifoli-Ericetum maderinicolae and Polysticho falcinelliEricetum arboreae vascular plant communities; Capelo et al. 2000) as well as in semi-natural forest types. For this species, the affinity with the Lembophyllaceae proposed by Hedena¨s (1992) is well supported by the present molecular analyses. By noting morphological similarities between high mountain phenotypes of E. prolixum and Isothecium holtii Kindb. in Madeira, Hedena¨s (1992) also provided morphological support for the transfer of E. prolixum to Isothecium, which is made here (see Taxonomy section). Thus, the evolutionary history of E. prolixum has to be discussed in the course of phylogenetic analyses of Isothecium and the Lembophyllaceae in general. However, recent molecular data were partly incongruent with the morphological circumscription of Isothecium species (Draper et al. 2007) , and further molecular analyses including E. prolixum have to be carried out to infer its affinities and taxonomic status.
The position of the Australasian species E. hispidum and E. umbrosum within the Thamnobryum clade (Figs. 2 and 3 ) is in accordance with the molecular study of Buck et al. (2000) , which, however, included only E. umbrosum, but is more difficult to interpret on morphological grounds. A comparison of gametophytic characters indicates that E. hispidum and E. umbrosum are somewhat intermediate between Echinodium s.str. and Thamnobryum (Table 2) . Ecologically, E. hispidum does share with many Thamnobryum spp. the preference for wet and aquatic habitats. At least for this species, the long subulate leaves with partially to fully bistratose margins enhancing mechanical stability may be an adaptation to aquatic environments, a phenomenon also found in Thamnobryum, e.g., in the Madeiran endemic T. fernandesii Se´rgio (cf. Hedena¨s 1992) . However, as with E. prolixum, the affinities of E. umbrosum and E. hispidum have to be treated in the context of a more detailed phylogenetic analysis of the Neckeraceae, which is beyond the scope of this paper.
The present molecular study bears important consequences for the understanding of the evolutionary history of Echinodium and the explanation of the extant distribution pattern. Churchill (1986) noted that the Macaronesian-Australasian disjunct distribution of Echinodium as a natural taxon would be exceptionally noteworthy, but that questions over the monophyly of the genus meant that biogeographic conclusions should be treated with caution. In fact, the polyphyly of Echinodium indicated by the present molecular data clearly suggests that the distribution pattern based on the morphology of Macaronesian and Australasian plants is an artefact of independent evolutionary events. Nevertheless, the novel occurrence of a suite of morphological characters not typical for taxa included in well-supported clades amongst the Hypnalean pleurocarps requires some explanation. This could imply either that a set of plesiomorphic characters (irregularly pinnate to subdendroid branching, subulate leaves with percurrent to excurrent costae, short leaf cells) was retained in unrelated groups in relict habitats in Macaronesia and Australasia, or that parallel morphological evolution of the 'Echinodium habit' took place in both geographic regions. Of these hypotheses, the evolutionary parallelism scenario seems more plausible for several reasons. Firstly, the genus Bescherellia of the Hypnodendrales is morphologically very similar to Echinodium, except that the costa is differentiated in cross-section, and also occurs in similar habitats. However, Bescherellia is regarded as quite derived within the hypnodendroid pleurocarps, which are sister to the homocostate pleurocarps to which the Hypnales belong (cf. Bell et al. 2007 ). Secondly, according to molecular dating , the diversification of major lineages within the Hypnales leading to extant genera had already taken place by the Early to Late Cretaceous (mainly between ca. 130 and 80 mya) and therefore much earlier than the oldest fossil records of Echinodium (cf. Fig. 1 ). Furthermore, none of the families that may represent basal lineages in the Hypnales according to molecular phylogenies, e.g., Fontinalaceae, Fabroniaceae, Plagiotheciaceae, or Stereophyllaceae (e.g., Buck et al. 2000; Tsubota et al. 2004; Ignatov et al. 2007) , show the combination of characters attributed to the 'Echinodium habit'. Thirdly, the Echinodium fossils from Tasmania are of only Pleistocenic age, and at least the extant Australasian Echinodium species could be the result of a rather recent parallel evolution in aquatic environments. However, as they are related with Thamnobryum according to the present molecular data, E. hispidum and E. umbrosum, Fig. 3 . One out of three optimal maximum likelihood trees (GTR+G+I model) based on combined plastid trnL intron and nuclear ribosomal ITS sequences, showing relationships of the genus Echinodium (in grey shading) within the pleurocarpous moss order Hypnales. Likelihood bootstrap values indicated above branches; significant (Z94) posterior probabilities (without/with simple indel coding) below branches.
like Thamnobryum in general, probably represent the most primitive elements within Neckeraceae (e.g., Enroth 1994 
